Resecting and reconstructing the carina is an anesthetic challenge in the best of circumstances. The surgery is meticulous and requires access to the trachea and bronchi, ruling out traditional lung isolation techniques. When resection of the carina is due to traumatic disruption, confounding thoracic injuries can make adequate ventilation and oxygenation difficult, especially when only one lung is available for ventilation. ECMO is an intervention that provides sufficient oxygenation and an unimpeded surgical field. ECMO also allows use of smaller airway management tools that can be used to ventilate the dependent lung, thus preventing atelectasis and producing better postoperative outcomes.
Introduction
Tracheal surgery requires high levels of coordination and communication between the surgical and anesthesia teams to produce successful outcomes. Anesthetic management for resection of the carina after a traumatic disruption is even more complicated as other thoracic injuries may make the patient unable to tolerate one lung ventilation (OLV). Here we present a case of a young male who suffered a right proximal mainstem injury after a motor vehicle accident (MVA), whose preoperative period was complicated by acute respiratory distress syndrome (ARDS) and an extremely high sedation requirement which led to a challenging intraoperative course.
The patient gave consent for publication of this case report.
Case Description
36-year-old male presented with polytrauma after an MVA including a carinal disruption. Other injuries included bilateral aspiration pneumonia, pulmonary contusions, right pneumothorax, pneumomediastinum and pneumopericardium. Bronchoscopic exam showed a 1.2-cm longitudinal tear on the anterosuperior aspect of the right mainstem bronchus, 2-cm from the carina (Figure 1) . The patient was admitted to the surgical intensive care unit (SICU) for mechanical ventilation, stabilization and improvement of clinical status. Complicating factors preoperatively included a high positive end expiratory pressure (PEEP) requirement, ARDS, and a high sedation requirement (Fentanyl 500 mcg/hr, Midazolam 4 mg/hr and Ketamine 4 mcg/kg/min) to facilitate adequate ventilation. A tracheostomy was placed while in the SICU. On the day of surgery, the tracheostomy was removed as we performed an oral fiberoptic intubation with a 40-cm single lumen endotracheal tube (ETT) specially constructed for endobronchial ventilation. He was placed in the left lateral decubitus position for thoracic epidural placement and surgical preparation, and his lung was isolated. His oxygen saturation rapidly decreased to 65%, and despite numerous interventions including adjustments in PEEP, increasing the fraction of inspired oxygen (FiO 2 ), increasing his mean arterial pressure (MAP) and administering inhaled nitric oxide, he was unable to attain satisfactory oxygen levels for surgery. The ETT was withdrawn to the trachea and after discussion with the surgical team, it was decided that continuous positive airway pressure (CPAP) to his right lung would be problematic. Thus, venovenous extracorporeal membrane oxygenation (VV-ECMO) was the best option.
Lung isolation was again established ventilating his left lung thus supplementing the VV-ECMO and decreasing atelectasis formation in the dependent lung. The case proceeded without major complications. Analgesia was provided via his epidural supplemented by high doses of intravenous (IV) narcotic to prevent withdrawal and agitation. Once the anastamosis was complete, the patient was quickly transitioned to pressure support ventilation (PSV) via a newly placed tracheostomy tube and the VV-ECMO was decannulated. His analgesia via epidural and IV narcotic provided adequate pain relief and mild sedation. He was ultimately discharged from the hospital three weeks later.
Discussion
The complexity of carinal resections is reflected in its overall 7.7% -12.7% operative mortality [1] - [4] . From the surgical perspective, obstacles to successful resection include satisfactory mobilization and dissection of the carina as well as creating an anastamosis that provides adequate tension and avoids devascularization [2] . For the anesthetist, delivering sufficient oxygenation and ventilation while providing a non-obstructed surgical field can be daunting. The first published case report of anesthetic management of a carinal resection was in 1951, passive oxygenation through a catheter in to the non-operative lung and prolonged apnea without ventilation during resection were the approaches used [5] . Like most subsequent publications of the procedure, that case involved a malignant resection whereby the patient was deemed healthy enough to tolerate surgery.
The anesthestic management of a trauma patient undergoing carinal resection is more complicated due to associated thoracic injuries. Tracheobronchial disruptions are involved in 0.5% -2% of all severe blunt trauma, and 59% of these injuries are the result of an MVA [6] . Up to 80% of patients with tracheobronchial injuries die within the first 2 hours, though the rate of patients surviving to the hospital is increasing due to improved prehospital care [6] - [8] . The most common initial signs of tracheobronchial disruption are dyspnea and subcutaneous emphysema, with pneumomediastinum and pneumothorax being seen on imaging [7] . Our patient was initially intubated enroute, and bronchoscopy upon arrival revealed the right mainstem tear, the right side being the most frequent site of injury [9] . Fortunately, PPV was tolerated by this patient with an ETT above the lesion, which is not always true with tracheal disruption.
Our patient remained in the SICU for 2 weeks for medical optimization. Delaying repair is not uncommon, and often indicated after trauma, but this delay can change management as new complications may arise. There are case reports of patients returning up to 6 months after a major trauma where a tracheobronchial disruption is discovered, often with dyspnea or persistent pneumonia as the presenting symptom [10] [11] . Furthermore, a recent case series showed patients admitted with traumatic tracheobronchial injuries had no difference in outcome whether managed conservatively or with surgery, other than reduced ICU and hospital stay in the surgical group [12] . Our patient was stable enough to delay and allow optimization of his pulmonary status, though he required extremely high sedation and PEEP to promote vent synchrony.
There are two surgical approaches for carinal surgery; a thoracotomy is most common, though a median sternotomy can be considered as well [1] [2] [4] . OLV is often required to provide the best surgical field. For our patient, we did not feel that a double lumen tube (DLT) would be appropriate due to the shear bulk of that ETT and location to the injury. A DLT would greatly impede the surgeon's ability to mobilize and dissect the carina. However, DLTs have been used successfully in carinal surgery and some even advocate for use post-operatively to limit PPV on the anastamosis [13] . For the same reasons we avoided a DLT, we felt a bronchial blocker or uninvent tube would not be an option either, though these tubes have been used [14] .
To provide OLV, we performed an oral fiberoptic intubation, as the surgical team withdrew the patient's tracheostomy tube, with a long single lumen ETT. These long single lumen tubes, produced by Fuji Systems, are 40 cm in length, wire reinforced, pliable and have a small cuff with little tubing beyond thus providing minimal bulk [15] . Under fiberoptic guidance, we directed this ETT in to the left mainstem bronchus. Due to the pliability of this tube and short cuff, we frequently had to reposition throughout the case.
As noted in the case presentation, our patient did not tolerate OLV despite multiple interventions to improve hypoxic pulmonary vasoconstriction (HPV) on the operative side and improve pulmonary artery dilation on the dependent side [16] . We therefore considered our contingency plans. Currently, cross-field ventilation is the most common practice for carinal resections [15] . This approach has been used successfully in the acute setting with traumatic disruptions, before the onset of secondary injury such as ARDS [8] . With this approach, a sterile circuit is connected through, or distal to, the carinal injury and then passed from the operative field to the anesthesiologist. This creates a situation where both lungs can be ventilated independently [15] . However, cross-field ventilation is challenging for the surgeon during carinal surgery.
Another approach is use of high frequency jet ventilation (HFJV) to the operative side. Airway exchange catheters and suction tubing have been used for this purpose [13] [17] [18] . In the presence of ARDS, we were uncertain that HFJV would be effective, and there was a risk of compounding lung injury from regional overinflation. CPAP is another method to improve oxygenation by providing PEEP to the operative, non-dependent lung, but requires an intact airway which we did not have [19] [20] .
Thus, VV-ECMO provided the most stable delivery of oxygen with the best operative field. During carinal resections, it is not uncommon for the patient to require ECMO; more recent case reports have involved its use in carnal resections [15] [21] [22] . There are three types of ECMO; VV-ECMO which is used in respiratory failure, venoarterial ECMO used in cardiac failure and arteriovenous ECMO used for acute lung injury [23] . While ECMO can significantly improve arterial oxygenation, supplementation may be required through means described above. Keeyapaj et al. described the use of VV-ECMO with an airway exchange catheter supplying continuous oxygen flow to the operative side [21] . We elected to supplement oxygenation and prevent atelectasis to the dependent lung by ventilating through the long single lumen ETT while keeping the inspiratory pressure low.
In these surgeries, PPV post-operatively should be avoided. In their review of 134 carinal resections, Mitchell et al. showed that PPV is the leading predictor of post-operative mortality (P = 0.001) [2] . We placed an asleep thoracic epidural for intra-op and post-operative pain control, however, because the patient had been on high doses of sedatives for a prolonged period pre-operatively, we dosed large amounts of opioids intra-operatively to prevent agitation and withdrawal upon emergence. All of this allowed successful transfer to PSV post-opera-tively. With two lung ventilation and improved right mainstem bronchial caliber, ventilation was improved over the pre-operative state.
VV-ECMO is an effective approach to carinal surgery, especially in patients with ARDS. Coupled with well designed endobronchial tubes, VV-ECMO allows excellent operative conditions while lowering the risk of worsening lung injury. Lung protective ventilation is important in these cases, and the use of VV-ECMO allows for more conservative ventilation of the dependent lung and better patient outcome.
